A classical electrodynamic near field calculation for the interaction of a Drude oscillator molecular dipole with a rough metal surface is presented. Effects of electromagnetic coupling between surface bumps (assumed to be prolate hemispheroids) and the bulk metal are included.
roughened metal surface. A thorough study of how all these interactions are coupled requires the solution of Maxwell's equations for the dipole metal system. However, since only a few systems are exactly solvable, it has generally been necessary to make approximations.
So far, all models of fluorescence which include a molecular dipole near a metal plane with surface roughness have neglected the electromagnetic coupling of the metal protrusions with the plane. Other workers have examined the response of the combined bump plane system to an external field, but apparently none have examined the bump plane system's in- 9, 10 teraction with a dipole. In this paper, we present a model for the near field behavior of the fluorescence lifetime of a molecular dipole which includes the effects of coupling of the fields inside the plane and a prolate hemispheroidal bump. In Sec. II, we present the model. In Sec.
III, we compare the frequency dependence of our result with that predicted by the model used by Gersten and Nitzan to treat SERS (in which the plane is approximated by a perfect conduc- of even parity modes by the planar surface. We also examine the distance dependence of the inverse lifetime and compare with that calculated by Prock, Chance, and Silbey. Our results indicate a decrease in the dipole lifetime of three to four orders of magnitude over their result.
Finally, at short distances, we observe avoided crossings. § § II. Theory: A Drude Oscillator Near A Prolate Hemispheroid.
In this section, we present a model for a dipole near a metal surface with a single prolate hemispheroidal protrusion. Henceforth, we restrict our attention to dipoles oriented perpendicular to the plane and located along the symmetry axis of the protrusion. The hemispheroid has height a and width b and the dipole is located at a height d above the bump (cf. Fig. 1 ). The problem is treated in prolate spheroidal coordinates defined by
where . We also introduce , and .
The molecular dipole is modeled as a harmonically bound charge. We envision the dipole as having been created by an impulse at , and we assume that its subsequent time
where is the reflected field at the dipole position due to the presence of the metal interface, is the effective mass of the dipole, and and are, respectively, the damping constant and
the oscillation frequency of the dipole in the absence of the metal.
For sufficiently small fields, the frequency shift and lifetime of the molecule may be calculated perturbatively and are given by (2.3a)
where is the reflected field due to a unit dipole. 
where is the dielectric constant of the medium containing the dipole (cf. Fig. 1 ). Thus, in the perturbative limit, the problem of determining the fluorescence lifetime of a dipole reduces to the determination of the reflected field at the dipole position. In general, this is a complicated function of the geometry, but it has been found using different levels of approximation for several special cases. 5−7,11,13−15 In surface enchanced Raman scattering, the reflected fields have been treated in the near field approximation. Gersten and Nitzan have examined the case of a dipole parallel to the 5−7 7 symmetry axis of an isolated prolate spheroid, and the case of a dipole near a prolate hemispheroid on a perfectly conducting plane. Their result for the reflected field of a prolate hem-6 ispheroid on a perfectly conducting plane is (2.5)
where is the ratio of the dielectric constant in the bump to that in the region containing the dipole.
In this work, we also make the near field approximation; however, rather than choosing the plane to be a perfect conductor we treat it as a metal with the same dielectric properties as the hemispheroid. Thus, we incorporate effects of the electromagnetic coupling between the hemispheroid and the plane. Berreman, Ruppin, and Das and Gersten have examined the 
where
and are Legendre functions of the first and second kind, respectively, and is the Heaviside step function.
By employing the usual boundary conditions [i.e., continuity of and ], and us-
ing the orthogonality of the Legendre polynomials, we derive a matrix equation for the expansion coefficients; i.e.,
where the are given in terms of the by (2.8a)
and where
The reflected field at the dipole position is given by (2.9)
Frequency And Distance Dependences.
In the near field approximation, a Drude approximation for the dielectric function of the τ ω metal implies that only the reduced plasmon lifetime, , appears in the calculation.
plasmon plasmon
By using the data given in Ref. 18, we find the reduced plasmon lifetime to be equal to 179
for silver ( and ) . In addition, we assume the
dielectric constant in the + region to be unity. The matrix equation given above was solved by ----truncating the sums in Eqs. (2.7). However, since the surface plasmon resonances are rather narrow and since decays slowly as increases, slow convergence was obtained
for all but the lowest frequency resonance. For the results which follow, 63 terms in the expansion were kept.
Figures 2 through 5 display the real and imaginary parts of the reflected field due to a unit dipole at various distances above the plane in units of the bump height. Figure 2 shows a plot of the real part of the fields as a function of the oscillation frequency for the case shown in Fig. 3 . Because of the simple relationship between the lifetime and the imaginary part of the reflected field, we first examine the differences between the reflected fields that we calculate and the fields that are calculated with the approximation previously employed by Gersten and Nitzan; i.e., by approximating the plane by a perfect conductor. Our results for the higher order resonances agree with those of Gersten and Nitzan in the limit where the dipole is very close to a "flat" hemispherical bump (cf. Fig. 3, R=1 .10). In this limit, the bump behaves like a flat plane, and hence, both results agree closely even though the actual metal plane is replaced by a perfect conductor in the Gersten and Nitzan calculation.
Nonetheless, examination of the lower order resonances reveals the presence of additional modes which are not contained in the approximate model, (the perfect conductor calculation contains only odd order Legendre polynomials), as well as, some discrepancies in the magnitudes of the fields (see below). Furthermore, the lowest frequency resonance, the one with the largest dipole character, is lowered in energy.
In the limit of needle-like bumps (cf. Fig. 4) , the imaginary parts of our fields at short distances are in close agreement with those calculated with the approximations of Gersten and Nitzan indicating that the predominant effect at short distances are the intense fields in the vicinity of the points. Absent from the Gersten and Nitzan picture is of course a peak corresponding to the planar surface plasmon resonance at (for
). This is clearly seen in Fig. 4 ; at the shortest distance the fields are completely dominat-
ed by the presence of the bump while at the larger distances the planar surface plasmon contribution becomes more and more important.
From Figs. 3 and 5, we see that the biggest differences between our predictions and those Gersten and Nitzan would predict occur for hemispherical bumps when the dipole bump distance is greater than or equal to half the bump height. At this point, the fields we calculate are As a crude check the validity of the perturbative result in the resonance region, we computed spectra by squaring the calculated dipole moment and fitted it to a single Lorentzian in order to obtain the effective lifetime. Figure 7 shows the lifetimes calculated both perturbatively [cf. Eq. (2.3b)] and by fitting the calculated spectra as a function of the free dipole oscilla-----tion frequency for fixed free dipole lifetime and distance in units of the bump height. Our calculation of the lifetimes by both methods give an enhancement at short distances which is, in general two to four orders of magnitude larger than that predicted by the planar geometry. The figure shows that one can use a perturbative treatment in the resonance region so long as the particular resonance involved is not particularly strong. In general, we find that the perturbative result is generally good (i.e., to~30%), even in the resonance regions. Note however, that this result is misleading; as we now show, many of the resonances in the region plotted are split (this is especially true near very prolate bumps).
At short distances, the reflected field per unit dipole becomes large, and consequently the interaction between the dipole and the surface is strong. In this case, the validity of the expressions given above for the lifetime and the frequency shift comes into question. However since, the spectrum of the reflected field is approximately Lorentzian, we can easily derive approximate expressions for the lifetime and the frequency shift 
Λ ω γ s s
The constants , , and are chosen to fit the reflected field in the frequency range of in-Λ terest. Note that the parameter characterizes the magnitude of the reflected field (per unit dipole) and consequently the strength of the dipole surface interaction.
Note that for sufficiently large coupling (as will be the case close enough to the surface),
----Eq. (3.1) predicts that the resonance is split. This is an example of the the well-known avoided crossing splitting. In this case the spectrum is no longer a simple Lorentzian. Moreover, In an experiment, what is observed at the detector is not the just dipole moment of the molecular dipole but rather the total power radiated by the combined dipole metal system.
We take this to be given by the classical dipole radiation formula with the dipole moment given by the total effective dipole moment of the system; i.e., of the molecule plus its images in the metal. The total effective dipole moment is thus the molecular dipole moment multi-) ω ( Ω plied by a frequency dependent factor, , which may be extracted from the potential in the + region. We find (3.3)
----
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The observed power spectrum is obtained by multiplying the square of the molecular dipole moment by an effective cross section for radiation, assumed proportional to . The di-
pole cross section for a hemispherical bump is plotted in figure 11 . Note that the total dipole strength of of the resonances can be much less than the total strength (cf. Fig. 3) . Multiplying in the cross section alters the form of the spectrum primarily at short distances. In Fig. 12, we show spectra with and without the effective dipole cross section in an avoided crossing region.
The surface is able to amplify the dipole intensity for frequencies near the resonance frequencies of the bump [see e.g., Fig. 12(c) ].
Let us now turn our attention to the distance dependence of the various models. For the case of a planar interface, the reflected field for a perpendicular dipole was shown to be
At short dipole to plane distances the field has a leading order dependence given by the near field approximation. For the planar case, one finds that the next few radiative correc-
tions, which are proportional to and , also contribute significantly to the lifetime; for
planar surfaces, we are in general far from the surface plasmon resonance and as a consequence the imaginary part of the leading order term in the reflected field is small. Here, we expect the leading order term to suffice because the distribution of resonances throughout the frequency range implies that we will be near a resonance. Ruppin has treated the case of a 6 9 1 dipole near a metal sphere exactly. He found that perpendicular dipoles were less strongly quenched than they were by a planar surface when and also did not observe the
long distance interference effects characteristic of a planar surface. Chu performed a similar calculation for a 2-dimensional array of spheroids on a surface and found that the single bump model worked fairly well.
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The signal observed at the detector will be made up of contributions of molecules on planar domains plus those from molecules near bumps. As the frequency spectrum for the dipole near a bump is much broader than for a dipole near a plane, one might expect this effect to be difficult to observe in an experiment in the frequency domain. In a time domain experiment, the decay of the dipoles near a plane would be expected to appear as an initial transient decay.
We have also not examined the question of the observability of the avoided crossing splitting. Since there will inevitably be some distribution in aspect ratios and distances of the dipole from the bump and the plane, one would expect to see a distribution of lifetimes and splittings. This will obscure the avoided crossing splitting. However, the effect might be still observed on suitably prepared surfaces such as those described in Ref. 3.
The model can be readily extended to higher order multipoles for which the axial symmetry is maintained. Finally, we have not considered any quantum effects. In particular, model calculations for hydrogen near a metal surface show a distance dependence of the po-22 larizability which cannot be explained within the classical Drude picture. We plan to extend these calculations to the spheroidal bump geometry, but nonetheless expect that the main new result of this work, namely, the avoided crossing, will still occur. § § Acknowledgements.
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---- Fig. 1 . Geometry of the problem. a is the major axis, b the minor axis, and the dipole is located at a height d above the protrusion. The prolate spheroidal coordinates are defined by a
scale factor, f, given by , and the relations and . appear. The quantum yield is taken to be unity.
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